We investigated the availability of human hepatoblastoma cell line (Hep G2), compared with human primary hepatocytes (HH) and porcine primary hepatocytes (PH), as a cell source for the hybrid artificial liver support system (HALSS) by using polyurethane foam (PUF). All three kinds of hepatocytes spontaneously formed spherical multicellular aggregates (spheroids) of 100-200 µm diameter in the pores of PUF within 3 days of culture. In a PUF stationary culture, Hep G2 spheroids recovered the ammonia removal activity that was lost in monolayer culture, although the removal for each unit cell number was about one tenth that of HH spheroids and about one eighth of PH spheroids. The synthesis activities of albumin and fibrinogen of each unit cell number of Hep G2 were also upregulated by PUF spheroid culture, and were about twice as high as in monolayer culture. The albumin secretion activity of Hep G2 spheroids was almost the same as that of PH spheroids. HH scarcely secreted these proteins in this experiment, probably because they were cultured in a serum-free medium. In the PUF module in a circulation culture, HH had high ammonia removal and low synthesis activities similar to stationary culture. Hep G2 proliferated to a high cell density, such as about 4.8 × 10 7 cells/cm 3 -module at 10 days of culture. Although Hep G2 spheroids had low ammonia removal activity in each cell, the removal rate in the PUF module was almost the same as for PH at 7 days of culture because of the high cell density culture by cell proliferation. The albumin secretion rate by Hep G2 in the PUF module also increased with cell proliferation and was about 10 times higher than the initial rate for PH at 7 days of culture. These results suggest that Hep G2 is a potential cell source for the PUF-HALSS.
INTRODUCTION
Spheroids are immobilized in the PUF pores and contact the culture medium directly in the PUF module, which The hybrid artificial liver support system (HALSS) enables high-density culture of the spheroids such as has attracted attention as an effective therapy that can 1 × 10 7 cells/cm 3 -module and maintenance of high liversupport liver functions of a patient until the appearance specific functions for at least 2 weeks. The PUF module of a donor for transplantation or regeneration of the nahas already been scaled up successfully to the clinical tive liver. Currently, some HALSS having a hollow fiber scale containing 1 × 10 10 hepatocytes (8). The curative module with porcine primary hepatocytes (PH) (10, 22, 27) effect of PUF-HALSS has also been shown in rat (12), or human cell lines (5) have been used in clinical trials.
dog (11, 13) , and pig (19) experiments. We are now We originally developed a HALSS that included a waiting for permission to use PUF-HALSS clinically multicapillary polyurethane foam (PUF) packed-bed modfrom our institutional ethical committee. ule (9, 18) . PUF has a sponge-like macroporous structure Zoonosis infection is the most serious problem in with pore size of about 250-500 µm, porosity of 98.2%, xenotransplantation, including HALSS that use xenogeand contact angle of 53.4° (15) . About 200 primary heneic hepatocytes (21, 25) , and is now the greatest obstapatocytes inoculated into each PUF pore spontaneously cle to the clinical application of our HALSS. The use of form one spherical multicellular aggregate (spheroid).
human hepatocytes for HALSS is more advantageous than xenogeneic hepatocytes for xeno-immunological hepatocytes were isolated by filtrating them while digesting the liver fragment on a filter as reported pre-reaction as well as for zoonosis infection. Generally, human primary hepatocytes (HH) have highly differenti-viously (8). The viability of isolated HH was estimated at 89.1 ± 2.6% by using the trypan blue exclusion ated functions, but their supply is limited. Human cell lines have a high growth capacity, but have poor liver-method. The cell number was 10.3 ± 4.8 × 10 8 cells with a yield of 3.25 × 10 7 cells for each gram of liver frag-specific functions. We previously showed that a human hepatoblastoma cell line (Hep G2) has high liver-specific ment. functions among human cell lines (Huh-7 and fetal he-Preparation of PH patocytes) in the PUF stationary culture (31) .
PH were isolated from a whole liver of a domestic In this study, we investigated the liver-specific funcpig (female, 4-5 weeks old, weighing about 10 kg) by tions of Hep G2, compared with HH and PH, in the PUF using 0.1% type IV collagenase as reported previously stationary culture and in the PUF module circulation (8). PH with a viability of over 85% were used for the culture. We evaluated the possibility of Hep G2 as a cell functional evaluation of PUF module. source for our PUF-HALSS.
MATERIALS AND METHODS

Culture Media Materials
Hep G2 was cultured in Williams' medium E (WE) supplemented with 10% FBS, 50 U/ml penicillin, and 50 All chemicals and cell culture reagents were purµg/ml streptomycin. HH were cultured in the hormonechased from Sigma Chemical Co. ( 
PUF Stationary and Monolayer Culture Preparation of HH
PUF was kindly donated by Inoac Co. (Nagoya, Ja-The experiments were approved by our institutional pan). Details of our methods for PUF stationary culture ethical committee, and we obtained informed consent have been described previously (15) . Briefly, a block of from each patient. Human normal liver fragments were PUF was cut into a flat plate (1.0 × 25 × 25 mm). Hep obtained from three patients who underwent hepatic re-G2, HH, and PH were inoculated at a density of 2.0 × section for metastatic liver tumor, gallbladder tumor 10 6 cells in a 35-mm plain dish (Nunc TM Brand Products, with hepatic invasion, and huge hemangioma of the Denmark) containing the PUF plate in 2 ml of each culliver. The mean age of the patients was 60.3 years old ture medium. Three kinds of hepatocytes were also inoc-(two women and one man). ulated for monolayer culture at a density of 5 × 10 5 cells We confirmed before the operation that these three in 2 ml of each culture medium in a 35-mm type I collapatients had no viral hepatitis (i.e., hepatitis B or C virus) gen-coated dish (IWAKI TM , Asahi Techno Glass Inc., and no elevation of liver enzymes. Liver tissues used in Tokyo, Japan). The liver-specific functions were evaluthis study were nontumorous parts of the specimens, ated (see below) at 3 days of culture. Hep G2 in PUF which were histologically confirmed to be the normal stationary culture and in monolayer culture was evaluliver. Immediately after hepatectomy, a liver fragment ated in nine experiments from three independent cell (mean weight 31.7 ± 13.1 g) was immersed in cold lacpreparations. HH and PH were evaluated in six experitate Ringer solution. Under sterile conditions, blood ments from three independent cell preparations. cells were removed from the liver fragment through the vascular orifices on the cut surface by using a 50-ml Circulation Culture in a PUF Module syringe and a washing solution containing ethylene diamine tetraacetate. The fragment was digested in a mixed Details of our methods for a circulation culture have been described previously (14) . The PUF module com-solution of 0.1% type IV collagenase and 1000 U/ml dispase (Godo shuei Co. Ltd., Tokyo, Japan) (24) . Then prised a cylindrical PUF block of 20 mm diameter and 60 mm height, having many capillaries of 1.5 mm diam-nuclei in the cultured cells was counted with a hemocytometer by using the method of van Wezel (29). Table eter and 3.0 mm pitch in a triangular arrangement for the flow of the culture medium ( Fig. 1 ). Hep G2 (n = 1 shows a summary of the experiments performed in this study. 4), HH (n = 3), and PH (n = 7) of 2 × 10 8 cells were immobilized in a PUF module by centrifugal force and Data Analysis were cultured in the simple circuit. The liver-specific Data were expressed as means ± SD. Statistical evalfunctions were evaluated (see below) at 1, 3, 5, and 7 uation of numerical variables was by Mann-Whitney's days of culture.
U-test for Figure 3 and Table 2 and by using repeated Evaluation of Liver-Specific Functions measures ANOVA for Figure 4 . A value of p < 0.05 was considered significant. The albumin and fibrinogen concentrations in each culture medium were measured by using enzyme-linked RESULTS immunosorbent assay by using commercialized kits (ALB-Spheroid Formation of Hepatocytes by Using PUF WELL II, EXOCELL Inc., Philadelphia, PA, USA; Angio-Max Human Fibrinogen ELISA Kit, ANGIOPHARM Inc., All three kinds of hepatocytes formed spheroids of 100-200 µm diameter within 3 days of culture in PUF O'Fallon, MO, USA). The secretion rates of albumin and fibrinogen were estimated from the concentrations stationary culture, and also formed spheroids in the PUF module in circulation culture ( Fig. 2a-c) . Particularly, secreted during 24 h. To evaluate the ammonia removal, each culture medium was replaced by fresh culture me-Hep G2 spheroids increased their diameter with cell proliferation to about 500 µm at 10 days of culture in the dium supplemented with 1 mM NH 4 Cl. The ammonia removal rate was calculated from the difference in am-PUF module, and spheroids of more than about 300 µm in diameter died in their core, as shown by hematoxy-monia concentration that decreased during 6 h of culture after the culture medium was changed. The number of lene and eosin (H&E) staining (Fig. 2d ). Figure 1 . Schematic diagram of polyurethane foam packed-bed module (PUF module) and circulation culture system for an in vitro test experiment. The module comprises a cylindrical PUF block (diameter: 20 mm, height: 60 mm, volume: 18.9 cm 3 ) and has many capillaries with diameter 1.5 mm drilled in a triangular arrangement of 3.0 mm between the capillaries. Hepatocytes spontaneously form spheroids in the pores of the PUF between each capillary. The culture medium flowing into these capillaries penetrates the connected pores of PUF directly, and sufficient mass transfer can be achieved between the medium or plasma and the hepatocyte spheroids in the pores of PUF. The flow rate of the culture medium is 43 ml/min. Total volume of culture medium is 140 ml. Figure 3 shows the functions of three kinds of hepatocytes in the monolayer culture (hatched) or in PUF stationary culture (solid). Hep G2 in the monolayer culture lost the ammonia removal activity. But Hep G2 in PUF stationary culture recovered the ability to remove ammonia, although the removal activity of each unit cell number was about one tenth of HH spheroids and about one eighth of PH spheroids. Hep G2 spheroids secreted albumin and fibrinogen at twice the amounts in monolayer culture at 3 days of culture. Spheroid formation also upregulated the albumin secretion of PH; the amount of albumin in PUF stationary culture was about three times higher than in monolayer culture. The albumin secretion rate showed no significant difference between Hep G2 spheroids and PH spheroids. HH had low secretion activities of albumin and fibrinogen. creased to one third of the inoculated cell density at 10 days of culture (HH: 0.28 ± 0.05 × 10 7 cells/cm 3 -module; PH: 0.26 ± 0.10 × 10 7 cells/cm 3 -module).
Functional Evaluation in the PUF Stationary Culture
rate in the PUF module by Hep G2 was almost the same level as for PH (Fig. 4) . The albumin secretion rate in The ammonia removal, albumin and fibrinogen secretions in the PUF module by Hep G2 increased with cell the PUF module by Hep G2 at 7 days of culture was about 10 times higher than by PH at 0 days ( Table 2 ). proliferation. At 7 days of culture, the ammonia removal Hep G2 spheroids recovered ammonia removal, which was not expressed in monolayer culture, although the activity was about one tenth that of HH spheroids and about one eighth of PH spheroids. The synthesis activities of albumin and fibrinogen secretions of Hep G2 and albumin secretion of PH were upregulated by PUF spheroid culture, about two to three times higher than in monolayer culture. HH had high ammonia removal and low synthesis activities. HH maintained the highest ammonia removal rate for at in this study. Hep G2 formed spheroids in the pores of PUF. Hep G2 spheroids in PUF stationary culture re-least 7 days of culture ( Fig. 4 ), but secreted albumin and fibrinogen at low levels in the experiments ( Table 2) . moved ammonia, although the removal by each unit cell number was about one tenth that of HH spheroids and DISCUSSION about one eighth that of PH spheroids. Hep G2 transfected by the glutamine synthetase gene recovers the ability The possibility of zoonosis infection in humans is of concern, and today the use of xenogeneic tissue or cells to remove ammonia to about one seventh to one eighth that of PH (6), a removal that is almost the same as by for human treatment has severe practical limitations (23) . The concern is heightened by a suggestion that spheroid formation of normal Hep G2 cells. The mechanism of upregulation in ammonia removal by forming mortality epidemics, such as AIDS (28) , Nipah infection (4), etc., are caused by cross-species transmissions of a spheroids in Hep G2 remains unclear, but possibly results from the maintenance of cuboidal cell morphology pathogenic virus. Thus, the patient's safety and public safety need to be secure before a clinical trial of xeno-and reconstructed cell-cell interactions (17) . HH spheroids removed ammonia 10 times faster for each unit cell transplantation, or other treatment using xenogeneic tissue or cells such as HALSS. The use of hepatocytes of number than by Hep G2 spheroids. HH is a most promising cell source for HALSS, but obtaining large quanti-human origin for HALSS is a certain method that can avoid this problem. A most ideal cell source is HH, but ties of HH is difficult. The use of human hepatocytes is more advantageous their supply is limited by the competing demands of liver transplantation. Human hepatocyte cell lines have than PH for supplying human proteins, including albumin and fibrinogen of which serum levels decrease in unlimited growth capacity, although the use of a cell line has a risk of carcinogenesis due to transmission of patients with liver failure. In our previous studies, spheroid formation upregulated not only ammonia removal, carcinoma cells or tumorigenic products to the patient's circulation. The risk of using human cell lines seems to but also protein synthesis and drug metabolism of animal primary hepatocytes (12, 18, 20) . In this study Hep be lower than for xenogeneic cells, because the concern is not an emergence of mortality epidemics but of carci-G2 spheroids secreted albumin and fibrinogen about twice as high as in monolayer culture. The albumin se-nogenesis. That is, outbreaks of new infectious diseases because of using human cell lines is of no concern. cretion by Hep G2 spheroids was almost the same as for PH spheroids at 3 days of culture. Our results were simi-Among cell lines, Hep G2 maintains highly differentiated functions (1). Sussman et al. (5) used the C3A cell lar to those of other studies because Hep G2 that form spheroids in alginate beads shows synthetic activities line derived from Hep G2 in their HALSS for clinical trials. They reported that their HALSS was not associ-one to three times higher than in monolayer culture (16). Thus, Hep G2 spheroids have high protein synthetic ac-ated with significant hypotension or vasodilatation following the release of tumor necrosis factor and comple-tivities, although the ammonia removal is low. In this study, HH cultured in the PUF plate and in the PUF ment activation. But the HALSS-treated and control cases showed no significant difference. Hep G2 in monolayer module in a serum-free medium scarcely secreted these proteins. But HH in PUF stationary culture in a medium culture loses its ability to remove ammonia, an important function of HALSS (3,7,26), which we also found with 10% FBS secreted albumin (5.45 µg/10 6 cells/day ture, function, and physiological responsiveness: Hepatoat 3 days, n = 1) and fibrinogen (1.99 µg/10 6 cells/day cytes cultured in a sandwich configuration. FASEB J. 10: at 3 days, n = 1) almost at the same amounts as by Hep 1471-1484; 1996. G2 spheroids. Thus, HH may require medium compo-
